ABSTRACr
The chromtographic rpries of It is now established that glutamine synthesis may occur in two compartments of the leaf cells of most higher plants (1, 6-8, 15, 16, 27) . Chromatographic and electrophoretic techniques combined with subcellular localization studies have demonstrated the presence of two different isoforms of GS2 in green tissue (1, 6-8, 13, 15, 16, 18, 24) . One isoform, designated GS1, is localized in the cytosoL whereas the other, designated GS2, is found in the chloroplast (7) (8) (9) 15) . The isoforms have been characterized by their specific kinetic and regulatory properties. They exhibit differences in their pH optima, heat stability, and Km for gutamate (6, 13, 15) .
Within the small number ofplant species studied such as barley (15) , rice (6) , pea (7), sorghum (8) , spinach (9) , and pumpkin (13), differences have been observed in GS isoform complement. In spinach (9) , only GS2 is present, whereas in other C3 plants like rice (6) , pea (7), and barley (15), a minor GS1 component is present (up to 20% of total enzyme activity). In sorghum, a C4 plant, the pattern is yet again different with GS1 representing about 70% of total GS activity in the leaf (8 (11) in a controlled environment chamber (7) . Tropical grasses were grown on a Lockard solution (14) under controlled conditions (6) . CAM plants were grown for 8 weeks at the Phytotron of Gif-sur-Yvette (France) on a nutrient solution (4) . Parasitic plant species were collected or grown as previously described (18) . Halophytic s. The brei was filtered through two layers of gauze and then centrifuged at 45,000g for 30 min. The supernatant was directly layered on the top of a DEAE-Sephacel column (Pharmacia, Uppsala) (I x 10 cm) previously equilibrated in the homogenizing buffer without Polyclar. A linear gradient of 0 to 400 mm NaCl or 0 to 600 mm KCI dissolved in 200 ml of the equilibrating buffer was used to elute the proteins. Four-ml fractions were collected and the flow rate adjusted to 20 ml h-1.
The purification procedure for the following plants was modified as follows.
Alnus glutinosa. The grinding medium was 50 mm Tris-HCl, (Table II) . Maximum activity is 0.66 nkatal g-' fresh wt. C, Group C. The legume Phaseolus vulgaris (Table III) (Table IV) . Maximum activity is 0.58 nkatal g-' fresh wt. The plates were dried under filter paper at room temperature, stained for I h with Coomassie Brilliant Blue R, and destained overnight. Similar results were also obtained with GS1 and GS2 isolated from rice, sorghum, and Kalanchoe leaves. distinct in having only one peak of GS activity eluting at about 0.15 M NaCl concentration (Fig. IA) . Similar elution values have been obtained for GS, from various plants (1, 6-8, 15, 16) . This suggests that only GS1 is present in this group of achlorophyllous higher plant parasites which are nutritionally dependent upon their hosts (19) . The second group (Table II, group B) is characterized by the apparent absence ofGS1, a pattern already described for spinach (9) . It can be seen in Figure IB that a single peak of enzyme activity is present but which is eluted at a higher ionic strength of about 0.22 M NaCi. This elution profile is typical for example, of a number of chenopods from various environments, including salt marsh habitats. It is interesting to note that two lower plants, Marchantia and Osmunda, also possess only GS2. The third group (Table III , group C) is. distinguished in having two GS isoforms, with a minor GS1 (5-30% of total leaf enzyme activity) eluting at about 0.15 M NaCl and a major GS2 (70-95% of total leaf enzyme activity) which is eluted at about 0.25 M NaCl (Fig. IC) . This pattern of GS activity is typical of many C3 grasses and some temperate legumes. It is noteworthy that some halophytic plant species possess both GS isoforms, suggesting that GS isoform complement is not necessarily dependent upon environmental conditions. In the fourth group (Table IV , group D), GS1 and GS2 are also present, eluting at 0.15 and 0.25 M NaCl concentrations, respectively (Fig. ID) , but as shown in Table IV , the contribution of GS1 is consistently higher than that found in Group C (Table III) . In corn, for example, GS1 activity represents about 45% of total enzyme activity in the leaf, and in Digitaria the contribution of GS1 is much higher, up to 80% of total GS. This pattern is observed for most C4 plants, a CAM plant, Kalanchoe, and some tropical legumes such as Erythrina.
Immunodiffusion and immunoprecipitation were employed to characterize unambiguously GS1 and GS2 isoforms from some of the plant species examined using antibodies raised against chloroplastic GS from spinach leaves (9) . It can be seen in Figure 2 that these antibodies recognize the chloroplastic GS from pea leaves but also GS1, the cytosolic enzyme, with a faint band of precipitate. Furthermore, it can be observed that a partial identity exists between the two proteins with a spur occurring between the two precipitin bands. Similar results were also obtained, e.g. in rice, sorghum, and Kalanchoe which differ in their relative proportions of GS isoform content. The immunological behavior of GS1 and GS2 was also studied by immunoprecipitation. GS1 and GS2 were separated by ion-exchange chromatography on DEAESephacel and immunoprecipitated. Constant amounts of enzyme are incubated with increasing concentrations ofantibodies and the enzyme activity is measured in the supernatant following the removal of the immune complexes. Figure 3B shows the results obtained with rice; similar results were observed with GS1 and GS2 isolated from pea and sorghum leaves. For GS1, only 40% of total enzyme activity is precipitated with 200 yl of antibodies. GS2, on the other hand, is completely precipitated with 100 pl of Immunoprecipitation curves of GS from spinach (A) and rice (B) leaves. In B, GS1 and GS2 were separated by using DEAE-Sephacel chromatography and submitted separately to immunoprecipitation with antibodies raised against the spinach chloroplastic GS. Constant amounts of GS1 and GS2 activity (0.83 natal) were incubated with increasing volume of either antiserum or nonimmune serum. Samples were incubated for I h at 370C, then overnight at 41C, and finally centrifuged at 10,000g for 15 min. GS activity was assayed in the supernatant. A, GS from spinach leaves (@). B, GS, from rice leaves (0); GS2 from rice leaves (0). A and B, control with nonimmune serum (3). antibodies. This latter result is comparable to that obtained for spinach (Fig. 3A) . This result suggests that GS2 isolated from a number of different species are similar. Moreover, this immunochemical approach shows that GS1 and GS2 in several vascular plants are different proteins. This confirms the differences already obtained with comparative studies of their kinetic and regulatory properties (6, 13, 15) .
It has been suggested that GS1 is responsible for the reassimilation of ammonia produced during photorespiration (6, 12, 15) and also in glutamine synthesis in the dark (6) . GS2 has been suggested to function mainly in primary ammonia assimilation in the chloroplast. This activity is probably a light-dependent process controlled by ATP, Mg2e, and H+ concentrations in the stroma (6, 10) . Very recently, it has been demonstrated that the chloroplast has the capacity to directly reassimilate ammonia released during photorespiration (2, 28) . Furthermore, it has been demonstrated that the level of GS activity in the chloroplast is much higher than glutamate synthase (25) and could play a role in plastid ammonia detoxification in addition to its assimilatory function (5, 22) .
Clearly defined physiological roles of cytosolic and chloroplastic GS are more complicated than was first proposed in pea leaf cells (12, 27) .
In several achlorophyllous plant parasites, only GS1 is present Table I , (group A). This suggests that in these plants, glutamine synthesis can occur only in the cytosol which is comparable to the pattern observed in etiolated tissue where GS2 activity is low (6, 7) or absent (8, 15) . Moreover in nonphotosynthetic tissues such as roots, it has been shown that GS occurs in the cytosol (20, 26) . These results suggest that GS1 does not function exclusively in the reassimilation of ammonia released during the decarboxylation of glycine to serine but is also capable of primary ammonia assimilation. In constrast, some plants have only GS2, the chloroplastic isoform Table II , (group B) and this obviously implies that ammonia resulting from any deamination of glycine must be transported to the chloroplast for reassimilation. This result is in agreement with those already obtained for spinach leaves (2, 28) where it has been shown that the chloroplastic GS is present in sufficient quantities to allow the reassimilation of ammonia resulting both from photorespiration and from nitrate reduction.
In a recent paper (17) , it has been estimated that the flux of ammonia through the photorespiratory nitrogen cycle can be 5 to 10 times higher than for nitrate reduction. Therefore, the pattern of GS activity exhibited by many C3 plants which contain less than 30% of total GS activity as GS1 activity Table III, (group C) does not allow for the reassimilation of all ammonia released during photorespiration by cytosolic GS as described by Keys et al. (12) Consequently, in these plants which have high rates of photorespiration it seems likely that GS2 must function in the reassimilation of the ammonia released during the decarboxylation of glycine to serine.
The group of plants which most closely approach the Keys et al. model (12) are the C4 plants (Table IV, 
